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Abstract 
Portugal is one of the countries facing the problem of carbon costs due to the insufficient preparation to achieve its 
commitments for the Kyoto Protocol and the EU Burden-Sharing Agreement. With the use (and dependency) on fossil 
fuels in our present quality of life, and the need of the continuous technological development, the CO2 levels will still 
continue to grow. It is, therefore, urgent to take some measures in order to stagnate and even more, to diminish the 
emissions of this phenomenon to the atmosphere. This study shows the implementation of CO2 capture as a possibility 
for CO2 reductions in the electricity sector in Portugal.  The IECM (Integrated Environmental Control Model) is used to 
analyze Portuguese fossil fuel power plants and provide systematic techno-economical analysis indicating the cost of 
emission control equipment, reduction in greenhouse gas emissions and other key parameters which may change when 
a CO2 capture and storage (CCS) unit is implemented into fossil fuel power plant. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The amount of CO2 present in the atmosphere keeps rising. Kyoto Protocol has been created in order to 
achieve reduction in greenhouse gas (GHG) emissions in atmosphere. However, a few significant countries 
(in terms of CO2 emissions) did not join the treaty and therefore the scope of the protocol got limited. 
Nevertheless, it was a starting point in order to alert the world to the problem of increasing CO2 emissions 
and its consequences. The Kyoto protocol established goals for all countries involved in the treaty. Portugal 
had assumed the commitment to limit its GHG emissions to less than + 27 % of 1990 levels. However the 
GHG emissions have been increasing sharply and the country is far from achieving its GHG reduction 
goal [1]. Because of this, the country is likely to face a problem of high carbon when purchasing 
allowances form EU-ETS (European Union Emission Trading System). Strengthening and expansion of the 
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EU – ETS is a cornerstone to the strategy for mitigating CO2 emissions cost-effectively in Europe. In this 
system national large point CO2 sources have to compete with other emitters while bidding for the 
predetermined number of allowances by The National Allocation Plans (NAPC) in each member state. The 
price for each ton of CO2 emitted to the atmosphere when exceeding certain value will increase every year, 
forcing the energy sector to capture the CO2 in order to have a balanced economical production of 
electricity. Limiting of CO2 emissions will require investment in CO2 capture and storage (CCS), and by 
default it will resume to an economical analysis. 
Preliminary results for CCS deployment in Portugal demonstrated a strategy of the possible 
configuration for the Portuguese electricity system within the implementation of CCS [2]. If both, coal and 
natural gas power plants become capture-ready and the cost for purchasing CO2 permits increase in future, 
the Portuguese system becomes more favorable to capture technologies.  
2. Scope of this paper 
The objective of present work is to investigate the possibilities of CO2 reductions in the electricity 
sector in Portugal. The study considers post-combustion capture of the CO2 for the fossil fuel based 
thermoelectric power plants. In this, a techno-economical analysis is performed using the Integrated 
Environmental Control Model (IECM) software to study the feasibility of retrofitting existing power plants 
with CO2 capture technology under three different scenarios of potential costs for CO2 allowances 
purchased under European Emissions Trading System (EU – ETS).   
Application of IECM for Portuguese conditions is also discussed, because the financial parameters of 
the model are based on the USA default values and needs to be adjusted to conform to standards of other 
countries. 
3. Integrated Environmental Control Model (IECM) 
The Integrated Environmental Control Model (IECM) modeling tool was developed by Carnegie 
Mellon University for the USA Department of Energy´s National Energy Technology Laboratory 
(DOE/NETL). The employment and performance of the IECM is described elsewhere [3, 4]. The principal 
purpose of IECM is to calculate the performance, emissions, and cost of fossil fuel power plants employing 
alternative environmental control methods, including CO2 capture for pulverized coal (PC), natural gas 
combined cycle (NGCC) and integrated gasification combined cycle (IGCC) systems. Recently the IECM 
has been expanded for evaluation of the pipeline transportation for CO2 and potential storage possibilities 
[5,6]. Technical and financial parameters are updated every year to keep information current in today's 
rapidly evolving time. This work employs IECM version 6.2.4. with all costs updated to 2009 values. 
4. Portuguese electricity system 
The resource mix in Portuguese energy sector reflects the country´s heavy dependence on fossil fuels, 
mainly for electricity generation. Last year 47.5 % (23.7 TWh) of electricity in continental Portugal was 
generated by fossil fuel power plants (23.9 % coal-fired, 23 % natural gas-fired and 0.6 % fuel-oil-based) 
[7]. In past years, support was given to the implementation of technologies using renewable resources due 
to the country´s favorable location for their use [8]. During the past 10 years wind-generated electricity 
expanded from 79 GWh to 5 720 GWh according to the data provided by National Transmission Operator. 
However, the wind power cannot surpass prospective values of installed capacity in future to assure the 
technical quality within grid interconnection, even though wind power generation seems to be good option 
for generating electricity from the abundant renewable source [9]. In a previous study by the authors, hydro 
power plants proved to be the technology with the lowest costs for electricity production in the Portuguese 
system [2]. However further expansion of large hydro power dams is limited in mainland Portugal. 
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Because of the current lacks of other renewable energy technologies, limited available capacity for the 
installation of new renewable power stations and many open questions regarding energy storage, fossil fuel 
usage is likely to continue together with a balance development of non-carbon based energy technologies. 
 
 
Figure 1 - Major industrial CO2 sources in mainland Portugal characterized by clusters (CO2 emissions 
higher than 0.1 Tg per year, data based on year 2006). 
 
 
A major part of the CO2 emissions comes from the electricity production sector. The Portuguese 
industrial system has been studied and further analyzed with its major industrial CO2 sources being 
characterized and grouped by clusters, showing the emissions location and intensity (Figure 1). The IPCC 
Special Report on CCS defined large stationary CO2 sources processing at least 0.1 Tg CO2 per year as key 
criteria for economically feasibility of capture technology [10]. Installations figured in this map created by 
ArcGIS software were identified under this condition. Classification of the large point sources of CO2 was 
based on the installations included in the National Allocation Plan II (NAPC II) for Portugal and the 
evaluations of the corresponding emissions were estimated from the technical characteristics of each plant.  
The yellow color in Figure 1 represents fossil fuel power plants. Portugal has presently seven thermal 
power plants. Two of them use pulverized coal (PC), three of them use natural gas in a combined cycle 
(NGCC) and the remaining two use fuel-oil for combustion. Characteristics of these power plants are 
summarized in Table 1.  
Implementation of a CO2 capture unit in a power plant depends on many factors, specific to particular 
unit. Energy required to operate CO2 capture systems reduces the overall efficiency of power generation. 
This leads to increased fuel requirements, solid wastes and costs relative to the plant without CO2 capture. 
This also has an effect on the cost of the plant. Thus fuel-oil power plants are excluded from analyses of 
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possible retrofitting, because of their low efficiency leading to high operational cost. This study focuses 
mainly on power plants combusting coal, since they are bigger source of CO2 compared to a natural gas 
power plant. This is due to the different carbon contents and heating values of the fuels. Also, as seen in 
Table 1, the NGCC technologies have higher efficiency than the power plants combusting pulverized coal. 
Therefore the coal power plant will cause larger impact in CO2 emissions. 
 
Table 1 – Characteristics of existing fossil fuel power plants in Portugal. 
PC – Pulverized coal 
NGCC – Natural Gas Combine Cycle  
n.a. – Power plant in Lares started operation in 2010.  
 
5. Base power plant 
Sines power plant is located on the Portuguese Alentejo coast, South-East from the port of Sines. It is 
the biggest producer of electricity in and the largest emitter of CO2 in Portugal (Table 1). The power plant 
consists of four operational units of 314 MW. This plant configuration has been chosen as the best case for 
analyses in this study. Table 2 summarizes the key parameters for the base case analysis. The combusting 
coal is purchased from the international coal market and therefore its contents differ periodically. Table 2 
shows two types of coal that are typically combusted in Sines power plant. For demonstration of IECM in 
this case study, coal type A has been chosen. 
 Combustion 
technology 
Installed 
capacity (MW) 
Efficiency 
(%, LHV) 
Emissions 
(TgCO2/year) in 
2006 
Sines PC 1,256 39 8.73 
Pego PC 628 43 3.96 
Ribatejo NGCC 1,176 55 2.07 
Tapada do Outeiro NGCC 990 55 1.54 
Lares NGCC 862 55 n.a. 
Carregado Fueloil 750 38 0.19 
Setúbal Fueloil 946 40 0.97 
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Table 2 – Key parameters of the Sines power plant used in the case study. 
Characteristics of power plant:  Coal Properties: 
Used fuel PC  Coal A Coal B 
Gross plant size (MW) 314 HHV (kJ/kg) 12,400 12,200 
Net plant output (MW) 293.4 Moisture (%) 9.50 6.00 
Unit type Sub-critical Ash (%) 9.50 10.50 
Steam cycle heat rate (kJ/kWh) 10,020 Carbon (%) 65.00 69.50 
Boiler efficiency (%) 88 Hydrogen (%) 4.00 4.30 
Excess air for furnace (%) 15 Nitrogen (%) 1.32 1.50 
  Oxygen (%) 10.00 4.30 
  Sulfur (%) 0.63 7.15 
  Chlorine (%) 0.05 0.05 
  Cost ($/tonne) 30 30 
 
6. CO2 capture and storage 
Various technologies for CO2 capture have been developed around the world [10]. However, both the 
scale of existing CCS systems and the number of commercial and field demonstration projects are very 
small compared to the scale necessary for significant and sustained CO2 emissions´ reduction. Among the 
existing technologies, this work employs a monoethanolamine-based (MEA) system for post-combustion 
CO2 capture, since it is a commercially established technology. MEA is an organic chemical solvent used 
to remove acidic impurities from natural gas and other gas streams. IECM has the capability to implement 
this technology on a power plant. A few potential places for geological storage of CO2 have been studied 
by the Department of Geographic Engineering, Geophysics and Energy (Faculty of Science of the 
University of Lisbon), the most promising of which seems to be the Western Meso-Cenozoic formations, 
particularly the saline aquifer within the basin between Alcobaça and Arruda dos Vinhos, approximately 
200 km from the Sines power plant. Our cost analyzed system includes pipeline transport to the basin and 
geological storage of high-pressure liquefied CO2. 
7. Techno-economical analysis 
The base plant parameters were given as inputs in IECM, which evaluates the performance, emissions 
and costs of the power plant. The effect of retrofitting this power plant with CCS technology has also been 
studied. Table 3 summarizes the results obtained using IECM for the base plant without CO2 capture as 
well as the plant retrofitted with a MEA-based CO2 capture unit, which captures 90% of CO2 from flue 
gases.  
Operation of the capture unit needs additional energy. In the IECM analysis the fuel input into the 
power plants is maintained the same for both capture and non-capture cases. The results show that 
additional energy requirement to operate the capture unit is demonstrated by the 15 percentage point 
reduction in net plant efficiency. The operation of capture unit also leads to higher requirement for water 
use, shown by the increase in make-up water usage. Cooling water requirement, however, is lower for the 
capture-plant because of heat integration with the capture unit. 
The total capital requirement ($/kW) would be double with the addition of the capture unit. The base 
plant has a capital cost of close to $1,900/kW, which increases to about $3,630/kW with the addition of 
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CCS. The cost of electricity (COE) also increases proportionally, from $60/MWh without CCS to 
$119/MWh with CCS. The effect of CO2 price on COE is also shown in Table 3 for three CO2 prices ($20, 
$40 and $60/tonne CO2). For a price $60/tonne CO2, COE from the capture-plant is slightly lower than that 
from the non-capture case, making CCS more profitable. The profitability of CCS increases further with 
higher CO2 prices. Table 3 also presents the sorbent requirement for the CO2 capture unit along with 
resulting reclaimed waste. 
 
Table 3 – Results for the power plants using the IECM. 
  Plant 
without 
capture 
Plant 
with 
capture 
Environmental CO2 captured (tonne/hour) 0 266.8 
CO2 stack out (tonne/hour) 296.1 29.64 
SOx stack out (tonne/hour) 0.471 0.0002 
NOx stack out (tonne/hour) 0.154 0.152 
Technical Net electrical output (MW) 293.4 248.5 
Net plant efficiency, HHV (%) 29.53 25.02 
Water usage  Water make up (tonne/hour) 174.93 198.3 
Evaporated water (tonne/hour) 90.9 98.5 
Cooling water (tonne/hour) 29300 28220 
Costs Total capital requirement ($/kWh) 1898 3629 
Cost of electricity - COE ($/MWh) 60.03 118.9 
Emission taxes COE ($/MWh) at 20 $/tonne CO2 82.28 121.3 
COE ($/MWh) at 40 $/tonne CO2 104.5 123.7 
COE ($/MWh) at 60 $/tonne CO2 126.8 126.1 
CCS process Cost of CO2 avoided ($/tonne CO2) - -997.4 
CO2 transport cost ($/tonne CO2) - 4.765 
Geological CO2 storage ($/tonne CO2) - 2.98 
Sorbent in (tonne/hour) - 0.738 
Reclaimed waste (kg/hour) - 1473 
All costs are in constant $US 2009. 
8. Discussion 
The study demonstrates the application of IECM to a specified power plant configuration and its 
capability to assess the performance and cost of carbon constraints like CCS and CO2 price. The results 
presented above show the huge increase in capital cost associated with CCS applied to an existing 
subcritical power plant. However, CCS is an important feature for future power plants in order to mitigate 
CO2 emissions. With suitable regulations in terms of CO2 prices, CCS can become profitable. 
However, the default economic and financial parameters used in IECM are specific to USA [11]. 
Modifications are required in the model’s parameters, in order to apply the model to Portuguese conditions. 
Ongoing work deals with the variation in capital cost investment, specifically with direct construction costs 
(field labor, factory equipment, field material and supplies), indirect construction costs (tools and general 
facilities, indirect field labor, field engineering, contingency), engineering and home offices fees, royalties; 
O&M costs (fuel, operating labor, water and water disposal, other non-fuel O&M costs, maintenance 
costs); and cost of money for different countries. This study allows compilation of adjusting index for the 
cost parameters corresponding to other countries and develops an international module of IECM.  
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Assessment of plant cost parameters in each country differ depending on the scale of its power system, 
the geographical location, available resources and political and economic frameworks. Preliminary study 
was taken from a report on comparative studies of the projected costs of base-load electricity generation 
issued jointly by Nuclear Energy Agency (NEA), International Energy Agency (IEA) and Organization for 
Economic Co-operation and Development (OECD), which summarizes main cost parameters for USA and 
different non-USA countries [12]. Figure 2 shows the ratio of variation in construction costs, annual non-
fuel O&M costs and fuel prices of Portuguese coal-fired power plant and natural gas–fired power plant in 
comparison with USA-based power plants. The data covers a wide range of sizes of the plant, net thermal 
efficiency and other specifications. For the present, size adjustments of power plant have been done using a 
scaling factor of 0.85 to align a given country’s power plant with the size of a USA-based power plant. As 
can be seen from the Figure 2 costs of natural gas-fired power plants are very similar to the USA-based 
power plants, while there is a big difference in the costs of coal-fired power plants between the two 
countries. This could bring significant changes in cost analyses when using IECM. Figure 2 also consists of 
comparison of data for labor reported as labor compensation in industry by OECD statistics. This 
parameter can be used in order to provide an index which can be applied for adjustment of costs in the 
IECM. 
 
Figure 2 - Variation in construction costs, non-fuel O&M costs, fuel costs and labor cost for Portugal in 
comparison to the same parameters in the USA. (Index for the USA parameters equal to 1). 
 
9. Conclusions 
The Sines power plant of Portugal was modeled using IECM to test the effect of CCS on performance 
and cost. It was found that the addition of capture unit increased energy requirement by 15 percentage 
points and increased the cost of electricity by twice, compared to a plant without CO2 capture. However, 
CCS can be economically viable if CO2 taxes are high enough. In this specific case, the breakeven price is 
$59/tonne CO2 with 90 % CO2 capture. Financial parameters used in this study are based on the USA 
default values. Improvements are being made to IECM to ensure a proper application to other countries.  
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